In the poly(A) RNA isolated from the ciliate Paramecium primaurelia is found a discrete and abundant mRNA species of high molecular weight (corresponding to about 9»000 nucleotides). This mRNA species has size and abundance characteristics that identify it tentatively as the message coding for the variant cell-surface antigens. After microinjection of the high molecular weight mHNA into amphibian oocytes, polypeptides are synthesized that are immunoprecipitated specifically with antibodies directed against the homologous Paramecium antigen. On collecting the culture medium of oocytes ndcroinjected with Paramecium mRNA, newly-synthesized complete antigen molecules (M ~3°°I°°0) can be recovered by immunoprecipitation. 
INTRODUCTION
The cell-surface antigens of Paramecium are in several ways remarkable proteins: each consists of an extremely large (M -v300,000) single polypeptide /l,2/; about 10$ of the amino acid residues are cysteine, all of which appear to be involved in disulphide linkage, generating about 125 such bonds per polypeptide /3,l+/; the expressed antigen is secreted to the cell surface where it forms a complete covering of the cortex and cilia and accounts for 3.3*6 of the cell protein /5/. A complex regulatory mechanism exists whereby only one of the family of genes coding for different surface antigens is expressed at any one time /6/.
In P. primaurelia, antigen (serotype) expression is influenced by temperature. The effect of temperature, and other environmental stimuli is through cytoplasmic components rather than on the genes directly /?/• By manipulating the temperature of cell culture, the expression of antigen can be made to switch from one type to another in a controlled manner. In stock 168, the 24° C to 32°C induced switch from serotype G to D is accompanied by changes in the pattern of mRNA production /8/.
Evidence has been presented for both transcriptional /B,9/ and translations! /l0/ regulation of antigen-coding gene activity. Such investigations have been hampered by a lack of suitable translation assay systems: in vitro translation of Paramecium polyribosomes in a homologous system /ll/ and of Paraaecium mBNA in the heterologous wheat germ and rabbit reticulocyte systems /l2/ have proved inadequate for studying the continued synthesis of the high molecular weight antigens. Here I describe procedures for the isolation of antigen mHNA and its translation in an amphibian oocyte system and report that complete antigen molecules are secreted, over a period of a few days, from oocytes that have been microinjected with Paramecium mBNA.
MATERIALS AND METHODS 1. Cell culture. A clone of Paramecium primaurelia, stock 168, was cultured at 24 C (for stable expression of the G serotype) and at 32 C (for stable expression of the D serotype) on grass infusion bacterized with Klebsiella aerogenes. The cells were harvested during late logarithmic growth at a density of about 3,000 cells/ml as described previously /8/. For labelled RNA 2 ml packed cells were resuspended in 50 ml of a solution containing: 14 mM NaCl, 2 mH KC1, 0.14 mM CaCl 2> 2 mM KH^. , 2 mM Na 2 HP0. , 10 mH sodium formate pH 6.8 plus 0.2 mCi -Tl-uridine (27 d/mmole, Amersham International). After incubation at 24°C for 15 min (or at 32°C for 7.5 min) the cells were pelleted and washed free of unincorporated radioactivity /B/. Sarkosyl HL-97 (Ciba-Geigy), 25 mM sodium citrate, pH 7 (all final concentrations) using a motor driven Teflon-glass homogenizer. The homogenate was clarified by centrifugation at 8,000 x g for 20 min at 10°C. The supernatant was layered over 1.5 ml of 5.7 M CsCl, 0.1 M EDTA, pH 7.2 in a 15 al polycarbonate centrifuge tube and the HNA was pelleted by centrifugation /l4/ at 38,000 rpm and 15°C for 24 h in an MSE 6 x 15 ml rotor. After centrifugation the supernatant was carefully removed by pipette leaving the bottom 1 ml undisturbed. The inner walls of the centrifuge tube were washed several times with homogenization buffer and wiped with tissue paper between washes. Finally the remain ing 1 ml was decanted and the tube drained. The pellet was broken up in 2 ml of 8 M guanidinium hydrochloride, 10 mM dithiothreitol, 25 mM sodium acetate, pH 7 and transferred to a 15 ml Corex tube. The pelleted material was completely dissolved by heating to 60°C for 1 min. The solution was chilled and the pH lowered to 5 by the addition of l/40 vol IN acetic add (50 ul). Finally 0.5 vol ethanol was added and the aixture was stored at -20 C for at least 6 h to allow the RNA to precipitate. The precipitate was pelleted by centrifugation at 5iOOO rpm in a Sorvall HB-/f rotor. The pellet was drained, resuspended in the guanidinium hydrochloride solution and reprecipitated with ethanol. 1W.8 procedure was carried out a total of four times, the final RNA pellet was dried by evaporation and raised in 0.5 ml sterile distilled HJD with heating to 60°C for i min. The RNA solution was adjusted to 0.5 M NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulphate, 20 mM Tris-HCl, pH 7.6 (column loading buffer) and applied to a column of oligo(dT) cellulose (Type 7, P.L.
BLoohesdcals) . The wash-through was reapplied to the column three times, after heating to 60 C for 1 min, and the poly(A) HNA was eventually eluted with 10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.05% sodium dodecyl sulphate (SDS).
The eluted solution was adjusted to 0.2 M NaCl, 2 vol ethanol were added and RNA was precipitated at -20°C for 18 h. Poly(A) RNA fractions were bound to and eluted from columns of oligo(dT) cellulose a second time. For work with RNA all glassware was baked at IV C for 6 h, plastics were treated with diethylpyrocarbonate and solutions were autoclaved prior to use. After injection the oocytes were transferred to a 1.5 ml Eppendorf tube containing 0.5 ml Barth's solution. The oocytes were incubated at 18 C and every 2M h the incubation medium was completely replaced with a fresh 0.5 ml. Each incubation solution was retained and after 1 to 6 days the oocytes were finally washed and homogenized in 0.5 ml Barth's solution. The homogenate was clarified by centrifugation at 25,000 x g for 30 min and the supernatants were retained for immunoprecipitation studies. 5. Immunoprecipitation. Antibodies were raised in rabbits against partially purified cell-surface antigen /ll/ extracted from cultures expressing >93& homologous serotype. Before use, each antiserum was preabsorbed with sufficient heterologous antigen extract to prevent cross-reaction in immunoprecipitation and cell immobilization assays. Antiserum was centrifuged at 10,000 x g for 30 min prior to use. Normally, 25 pi antiserum were added to 200 ul clarified oocyte homogenate or oocyte culture fluid. After leaving at 0 C for 2 h, carrier antigen was added in a volume of 25 ul to give antibody/ antigen equivalence /ll/. The mixture was left at 0°C for a further 6 h, then the immunoprecipitate was collected by centrifugation at 5»000 x S f°r 15 min.
This procedure was performed using both homologous anti serum/carrier antigen and heterologous anti serum/carrier antigen as a control.
RESULTS AND DISCUSSION 1. Identification of a high H r poly(A) + RNA species. HNA was extracted from a clone of Paramecium cultured at 2k C and at 32 C and expressing the G and D serotypes, respectively /io/. Extreme care was taken during extraction to prevent any degradation of RHA by endogenous nucleases. To thiB end, procedures outlined previously A 3/ were followed rigorously. By making use of the potent denaturing combination of ^ M guanidinium thiocyanate/0.1 M 2-mercaptoethanol for homogenization and by recovering pelleted RNA, after centrifugation through 5~7 M CsCl, in 8 M guanidinium hydrochloride /l0 mH dithiothreitol, the HNA was protected from nuclease attack until residual nuclease could be effectively removed through repeated steps of selective precipitation of RHA with 0.5 vol ethanol. The main inconvenience of the procedure described (aee Materials and Methods) was the co-isolation of large amounts of glycogen, but this material was separated from poly(A)+ RNA on chromatography throu#i oligo(dT) cellulose. After the second elution from oligo(dT) cellulose, the poly(A) + RNA was virtually free of contaminating carbohydrate and contained <10% rRNA.
Poly(A) RNA was analysed on 0.856 agarose gels with and without denaturation by glyoxylation. In denatured samples of poly(A) + RNA there is formed consistantly a sharp band which corresponds to an RNA species of about 9,000 nucleotides (Fig.l) . This component is also present, but less clearly defined in non-denatured samples and is completely absent from poly(A) RNA samples. On several criteria this banded RNA could be tentatively assigned as the mRNA coding for surface antigen: (l) Its size of 9,000 nucleotides is not much greater than would be required to specify the M 300,000 antigen polypeptide.
(2) Its representation on gels as a distinct band does not relate to any ribosomal RNA species and indicates that it is an abundantly expressed mRNA, a characteristic that would be expected for the abundantly expressed antigen. (3) Hybridization kinetic Btudies have identified a component that comprises about lOJt of the hybridizing poly(A) RNA and has a sequence complexity of about 5,000 nucleotides /8/. Since there is little sequence homology between this component from cells grown at 2/t°C and expressing the G serotype and the corresponding component from cells grown at JZ C and expressing the B serotype the main characteristics expected of antigen-coding mRNA are fulfilled. The estimated sequence complexity of 5,000 nucleotides and the electrophoretic banding position of 9,000 nucleotideB are close enough to relate to the same RNA component. (4) In a related species, P. tetraurelia, six alternative surface antigens expressed by stock 51 have been shown to have different molecular weights (H r range 250,000 -300,000) /9/. These differences have been shown to correspond to a range of abundant, high molecular weight mRNA species that are extracted from cells expressing the different antigens. The mRNA species have an estimated size range of 7>000 to 8,^00 nucleotides /<)/ and so correspond to the RNA component described here.
Although mHKA sequences can be recovered from agarose gels, RNA has to be treated with NaOH to reverse the glyoxylation /l5/• Since partial hydrolysis of the RNA is unacceptable for translation assays, an alternative method of isolation was investigated for the presumptive antigen-coding mRNA. Intact high molecular weight RNA can be separated from the bulk of mRNA species by sucrose gradient centrifugation. Poly(A) RNA extracted from cells that had been pulse-labelled with '71-uridine was denatured and centrifuged through sucrose gradients containing low salt. (Molecular aggregation is not a serious problem with mRNA extracted from Paramecium, for hybridization experiments indicate a singular lack of repetitive sequences /20/). As can be seen from Figure Ja. a minor peak of radioactivity is formed well apart from the bulk of rapidly labelled poly(A) + RNA at a sedimentation position of -4-5S. This is the expected rate of sedimentation of the abundant poly(A) RNA of 9\000 nucleotides.
Translation of hifth M poly(A)
+ HNA after injection in amphibian oocytes. Isolated poly(A) RNA suspected of containing the variant antigen message was tested by microinjection into stage 5 oocytes of Xenopus laevis, followed by analysis of newly-synthesized (labelled) protein /l8/. Since Paramecium variant antigens contain a hi#i concentration (lC# of amino acid residues) of cysteine, the initial strategy, to maximise the chances of detecting antigen synthesis, was to co-inject into oocytes total poly(A) RNA plus S-cysteine. After incubating the oocytes for Zk h, they were homogenized and proteins soluble in 1J56 ethanol were extracted. Carrier antigen of both G and D serotypes was added to the extracts prior to immunodiffusion against anti-G and anti-D serum. Finally radioactive antigen was detected by autoradiography of the dried double-diffusion gels. Figure 2 shows the presence of radioactivelylabelled protein mainly in those precipitin lines formed by antibodies to the antigen-type from which the RNA was extracted (in this instance, anti-D immunoprecipitates the synthesized protein encoded by mRNA extracted from cells cultured at 32 C and expressing the D serotype). It can be seen in Figure 2b that in addition to radioactivity in the precipitin line, there is substantial radioactivity around the sample well. This may be due to precipitation of incomplete polypeptide chains or to protein of lower solubility. Control oocytes injected with 35s-cysteine but no RNA showed no labelling of immunoprecipitates.
That the antibody-precipitated material was synthesized from the high M HNA fraction was tested by injecting into oocytes poly(A) RNA size-separated by sucrose gradient centrifugation (Fig.3a) . As can be seen from the autoradiograph of immunoprecipitated antigen (Fig.3c ) most of the precipitated radioactivity is formed in those oocytes injected with RNA in the 30-50S range. For reasons of economy and ease of handling, C-amino acids, in place of ^S-cysteine, were used in this experiment for labelling the newlysynthesized protein. Again precipitation is mainly by the antibody homologous to the serotype of the cells used in the experiment (this time anti-G against protein encoded by mHNA extracted from cells cultured at 2M-C and expressing the G serotype). Nevertheless there is some cross-precipitation of radioactive protein by the heterologous antibody. In order to quantitate this effect samples of labelled protein extracted from injected oocytes were incubated with homologous and heterologous antibodies. The immunoprecipitates, which were of the same mass in each sample due to the addition of carrier antigen, were found to contain between 0.5 and 2.756 of the total radioactive protein (Table l) . Samples from oocytes injected with labelled amino acids but no mHNA contained only 0.2% of the total radioactive protein in immunoprecipitates. Again the antigen synthesized appears to be type-specific (Table l) , although there is substantially more cross-reaction in using RNA from cells grown at 24°C than in using RNA from cells grown at 32°C.
The detection of such cross-reaction raises questions concerning the effectiveness of gene switching and whether the control of antigen expression may be exerted at the translational, in addition to transcriptional, level. ); add-precipitated radioactivity (0 o); 26S and l8S are the positions of ribosomal RNA run in parallel gradients. The RNA contained in fractions 1-5 was precipitated with.ethanol, raised in distilled water and injected into Xenopus oocytes with C amino acids as described in Materials and Methods. After incubation of the oocytes for 2k h, homogenates were prepared as described in Figure 1 . The same amount of protein radioactivity (lCr cpm) was applied to each of five wells in an agar glate and allowed to diffuse against antiserum to the homologous antigen (a-G) and to the heterologous antigen (a-D). The stained diffusion plate (b) was used to produce an autoradiographic image (c) . In the a-G reaction with fraction 2 note that only the inner (surface antigen) precipitin line is labelled.
It has been noted in earlier experiments /6,ll/ that the proportion of radioactively-labelled protein precipitated by heterologous antibodies is higher after synthesis in vitro than after synthesis in vivo. A possible explanation is that some mHNA sequences for the secondary (heterologous) antigen type are present but not translated in the living cell, whereas in vitro they escape the influence of negative controlling factors. However an alternative explanation derives from the recent observation that the different (G and D) antigens that can be expressed by P. primaurelia. stock 168 contain common antigenic determinants which are normally masked in the living cell, but exposed on protein denaturation /2l/. Immunological cross-precipitation of the polypeptide products on ill vitro synthesis may relate, therefore, to the ex- By day six, secretion had dropped to background level. Precipitation by heterologous antiserum was only 13# of the levels obtained using homologous antiserum. On comparing these values with those obtained from homogenized oocytes (Table l) it is obvious that in the culture medium: (l) a much higher percentage of newly-synthesized protein is present as Paramecium surface antigen; (2) the specificity of immunoprecipitation is much improved.
That the secreted antigen is in the form of completed polypeptides is demonstrated by gel electrophoresis of immunoprecipitated material (Fig.5 ).
As can be seen from the fluorograph (Fig.5, c-h ) a band of radioactivity corresponding to the migration position of complete antigen molecules is precipitated from culture supernatant fractions. Immunoprecipitated material derived from homogenized oocytes is much more heterogeneous in size: in addition to the high M r antigen band, many other labelled components are detected (Fig.^i e and h). The relative positions of many of the additional, lower M , components correspond to fragments of antigen produced by proteolytic activity (Fig.   5 , i) and it is assumed that extraction of newly-synthesized antigen from oocyte homogenates results in site-specific proteolysiB, the fragments so produced being nevertheless precipitated by the antibodies. Isolation of newlysynthesized antigen from the culture fluid avoids this complication.
Thus the Paramecium surface antigen molecules encoded by an mHNA of 9,000 nucleotides can be synthesized, within amphibian oocytes. Apparently, the antigen molecules are completely formed in this environment and contain the appropriate signals for secretion from the oocyte /ZZ/. The oocyte translation system therefore is appropriate for a detailed study of the expression of Paramecium variant antigens.
